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Downregulation of MAP kinase is a universal consequence of fertilization in the animal kingdom. Here we show that
oocytes of the starfishes Astropecten aranciacus and Marthasterias glacialis complete meiotic maturation and form a
pronucleus when treated with 1-methyladenine and then complete DNA replication and arrest at G2 if not fertilized.
Release of G2 by fertilization or a variety of parthenogenetic treatments is associated with inactivation of MAP kinase.
Prevention of MAP kinase inactivation by microinjection of Ste11-DN, a constitutively active budding yeast MAP kinase
kinase kinase, arrests fertilized eggs at G2 in either the first or the second mitotic cell cycle, in a dose-dependent manner.
G1 arrest is never observed. Conversely, inactivation of MAP kinase by microinjection of the MAP kinase-specific
phosphatase Pyst-1 releases mature starfish oocytes from G2 arrest. The role of MAP kinase in arresting cell cycle at various
stages in oocytes of different animal species is discussed. © 1998 Academic Press
INTRODUCTION
MAP kinases (MAPKs) have been shown to play an es-
sential role in progression of somatic cells from G1 to S
phase through transcriptional activation of early genes in-
volved in the control of cell proliferation (reviewed in Karin
and Hunter, 1995). Paradoxically, no oncogenic form of
either MAPK or MAPKK are known, however (for review,
see Hunter, 1997). This may indicate that constitutive ac-
tivation of MAPK may exert some negative effect on cell
proliferation in higher organisms. Indeed, MAPK is reported
to drop before the G2 to M phase transition (Kohno, 1985;
Meloche et al., 1995), and there is no report of somatic cells
maintaining high MAPK activity throughout the cell cycle
under physiological conditions.
Downregulation of MAPK is also a universal conse-
quence of fertilization in the animal kingdom (Ferrell et al.,
1991; Shibuya et al., 1992; Verlhac et al., 1994; Picard et al.,
1996) and is absolutely required for embryos, both verte-
brate and invertebrate, to enter first mitosis (Abrieu et al.,
1997b; Walter et al., 1997; Tachibana et al., 1997).
Recently, MAPK was proposed to link the fertilization
signal transduction pathway to the G1/S phase transition
in eggs of the starfish Asterina pectinifera (Tachibana et
al., 1997). Specifically, it was shown in this species that
unfertilized eggs are arrested at G1 with high MAPK
activity, and either fertilization or inactivation of MAPK
by microinjection of a specific MAPK phosphatase causes
initiation of DNA replication. In contrast, we previously
reported that unfertilized eggs of the starfishes Marthas-
terias glacialis and Astropecten aranciacus synthesize
DNA and arrest at what seems to be a G2 state with high
MAPK activity (Picard et al., 1996). DNA synthesis in
unfertilized eggs was not due to repair, as it was sup-
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pressed by aphidicolin. However, an alternative interpre-
tation could be that oocytes enter, but perhaps do not
complete, S phase in unfertilized eggs of these two
starfish species. In this case, failure to complete DNA
replication could have activated a checkpoint, preventing
oocytes from progressing into mitosis.
The aim of the present work was to examine this possi-
bility, in order to elucidate the apparent discrepancy be-
tween results obtained in various starfish species. We show
that fully mature oocytes of the starfishes A. aranciacus
and M. glacialis actually complete DNA replication and
arrest at G2 if not fertilized, and that MAPK inactivation, a
physiological consequence of fertilization, is required to
release them from G2 arrest. Thus prolongation or inappro-
priate reactivation of MAPK activity may arrest progression
of the first mitotic cell cycle at different stages, including
entry into mitosis (Abrieu et al., 1997b) or exit from mitosis
(reviewed in Sagata, 1997), depending on species.
MATERIAL AND METHODS
Starfish oocytes. The starfishes A. aranciacus and M. glacialis
were collected by diving during the breeding season near the ma-
rine biological station of Banyuls sur mer (Banyuls, France). Fully
grown oocytes were used throughout this work. Oocytes were
prepared free of follicle cells by rinsing them three times in
calcium-free sea water (0.5 M NaCl, 10 mM KCl, 50 mM MgCl2, 10
mM Hepes, pH 8.2) and then three times in filtered natural sea
water. Meiosis reinitiation was induced usually with 1 mM
1-methyladenine (1-MeAde). Oocytes could be fertilized before
(Germinal Vesicle stage) or after hormone application, with 105-
fold diluted dry sperm.
Artificial activation of mature oocytes could be obtained by
various treatments:
● Microinjection of human centrosomes (Picard et al., 1987).
Human centrosomes from KE37 lymphoid cells were prepared
according to Gosti-Testu et al. (1986) and were a gift from Michel
Bornens.
● Microinjection of Calcium buffer. Calcium buffer was a 1/1
mixture of 0.2 M Ca-EGTA with 0.2 M EGTA-KOH in 10 mM
Pipes-KOH, pH 7.0.
● Two steps 1-MeAde treatment. Follicle cell free oocytes were
treated with a threshold level (0.1 mM) of 1-MeAde and extensively
rinsed after GVBD. A second treatment (10 mM) after second polar
body emission triggered fertilization membrane elevation and
parthenogenetic development (Picard and Dore´e, 1983).
Recombinant proteins and mRNAs. The plasmid encoding
Pyst1 was isolated as described in Groom et al. (1996). Construc-
tion of the sea urchin GST-cyclin B has been described previously
(Abrieu et al., 1996).
The DNA fragment encoding residues 370–717 of Ste 11 was
amplified by PCR using budding yeast genomic DNA as template
and the two oligonucleotides GGATCCCATATGGCCCTATTA-
CAAGGA and CGCGGATCCTCAAATTATGTGTGCATCC as
primers. ThePCR product was cloned in PBluescript (PBS), checked
by sequencing, and subcloned as a BamH1 fragment in the yeast
expression vector YcpGAL STE11DN and as a NdeI–BamHI frag-
ment in pET3a. Galactose-induced overexpression in yeast Ycp-
GAL STE11DN was lethal, as described (Cairns et al., 1992),
showing that the expressed protein is functional.
Recombinant proteins and mRNAs were prepared according to
standard procedures.
Immunological procedures. The polyclonal antibody directed
against phosphotyrosine has been described previously (Abrieu et
al., 1997a). Immunoblots were analyzed by alkaline phosphatase
detection.
Bromodeoxyuridine (BrdU) was incorporated by addition of 0.1
mg/ml BrdU to the oocyte suspension. Then oocytes were fixed at
the appropriate times directly in 4 N HCl (2 h), followed by one
rinse in methanol (1 h) and one rinse in TBS–0.1% Tween 20. Then
samples were treated with first antibody (monoclonal anti-BrdU,
Amersham) overnight and second antibody (sheep anti-mouse
Texas red, Amersham) for 1 h.
Microinjections. Microinjections were performed according to
the procedure described by Hiramoto (1974).
Kinase assays. MBP kinase assays were performed on oocytes of
A. aranciacus: 10 oocytes were taken in 5 ml sea water, homogenized
in 15 ml EB (60 mM Na glycerophosphate, 15 mM EGTA, 1 mM
MgCl2, pH 7.4) and frozen in liquid nitrogen. After thawing,
homogenates were centrifuged (13,000g, 15 min, 4°C) and 15 ml of
the supernatant was fixed with 5 ml of 43 Laemmli sample buffer
and boiled. In gel MBP-kinase activities were assayed exactly as
described by Shibuya et al. (1992).
[3H ]Thymidine incorporation. We showed previously that
DNA replication can occur in polar bodies, in a very asynchronous
fashion (Picard et al., 1996). In order to measure only thymidine
incorporation in pronuclei, we eliminated polar bodies just after 1st
polar body emission by a 20-min digestion by pronase (0.5 mg/ml)
of vitelline or fertilization membrane and egg jelly, followed by two
rinses in sea water containing 0.1% bovine serum albumin, and
two rinses more after second polar body emission. The eggs were
then resuspended in the same medium containing 300 mCi/ml
[3H]thymidine. Samples of eggs were fixed and extracted overnight
at 4°C with 5% TCA. After two additional TCA washes, eggs were
solubilized and incorporated radioactivity was measured in a liquid
scintillation counter.
RESULTS
Fully Mature Oocytes of the Starfishes Astropecten
aranciacus and Marthasterias glacialis Complete
DNA Replication and Arrest at G2 If Not
Fertilized or Parthenogenetically Activated
In contrast to amphibian oocytes, hormone-stimulated
starfish oocytes complete meiotic maturation even if not
fertilized. In a typical experiment at 18°C, M. glacialis
oocytes emitted the first polar body at 80 min post-
hormone addition (pha) and the second polar body at 120
min pha. Procaryons reformed as soon as second meiosis
was achieved and fused together within minutes after
second polar body emission. Later on, the female pro-
nucleus usually migrated and became central within about
1 h after second polar body emission (Fig. 1). This is at
variance with sea urchin eggs, which arrest in G1 with a
peripheric pronucleus. Cytolysis of unfertilized eggs usu-
ally occurred 5 to 6 h later.
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BrdU incorporation experiments showed that replication
of DNA began after centration of the pronucleus, at about
180 min pha (Fig. 1), as previously described (Picard et al.,
1996). Our previous experiments could not exclude that
fully mature oocytes enter S phase but fail to complete
genome duplication; Thus, the activation of the DNA
replication checkpoint mechanisms could account for the
arrest of cell cycle progression. A careful study of [3H]thy-
midine incorporation showed that, despite a delay and a
noteworthy lack of synchronism of unfertilized eggs com-
pared to fertilized eggs in initiating DNA replication, un-
fertilized eggs incorporated finally half the amount of
[3H]thymidine that was incorporated in the DNA of fertil-
ized eggs (Fig. 2), showing that DNA replication was com-
plete in the majority of the unfertilized, thus haploid, eggs.
We reinforced this conclusion by showing that activation of
fully mature eggs triggered M phase entry without finishing
DNA replication. Oocytes were induced to complete mei-
otic maturation with 1-MeAde and, after arresting, they
were activated in the presence of BrdU with ionophore
A23187 (Schuetz, 1975), which is well known to mimic
fertilization and induce DNA replication in G1-arrested sea
urchin eggs (Steinhart and Epel, 1974; Steinhart et al.,
1974). The use of ionophore A23187 circumvented the
difficulty of discrimination between authentic DNA repli-
cation in the male pronucleus and putative DNA replica-
tion in the female pronucleus. As shown in Fig. 3, activated
oocytes readily exited interphase and entered mitosis, as
judged by Nomarski observation of nuclear envelope break-
down (Figs. 3a and 3b) and chromosome condensation
FIG. 1. Unfertilized fully mature oocytes replicate DNA. Oocytes of the starfish M. glacialis were fixed at various times after second polar
body emission (a and f, 5 min; b and g, 20 min; c and h, 40 min; d and i, 60 min; e and j, 80 min) and processed for Hoechst DNA staining
(a–e) or DNA-incorporated BrdU (f–j in oocytes incubated in 0.1 mg/ml BrdU since hormone addition). The pronucleus reforms (arrowhead)
at the animal pole (a–c) and then usually migrates toward the center (d and e). DNA replication, which is always observed in both polar
bodies (pb1, large arrow; pb2, tiny arrow), begins in the female pronucleus with a poor synchronism, 40 to 60 min after second polar body
emission (i and j, arrowhead). Bar: a–e, 15 mM; f–j, 23 mM. The difference in size of oocytes is due to the fixation procedures:
methanol–glycerol for a–e and 4 N HCl for f–j.
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(DNA Hoechst staining, Fig. 3c), but no incorporation of
BrdU was detected between the time of activation and the
time of entry into mitosis (Fig. 3d). Moreover, we found that
aphidicolin, which blocks DNA replication by inhibiting
DNA polymerase a, does not inhibit, nor even delay,
cleavage in schedule (not shown), demonstrating that
checkpoint mechanisms are repressed in starfish early em-
bryos; thus, even if DNA replication had been uncomplete,
this could not account for a cell cycle arrest.
These results show that uncompletion of DNA replica-
tion is not the cause of cell cycle arrest and suggest that the
fully mature oocytes are arrested in G2 of the cell cycle. In
order to strengthen this conclusion we searched for molecu-
lar and physiological analogies between cell cycle arrest
after completion of meiosis and genuine and undisputed G2
arrest of full-grown immature oocytes. In G2-arrested oo-
cytes, cyclin B-cdc2 dimeres are stocked as an inactive
pre-MPF, phosphorylated on the cdc2-tyrosine 15. Western
blot analysis of p13-suc1-purified material revealed that
cyclin B was mostly destroyed at second polar body emis-
sion and then continuously synthesized and accumulated
in association with cdc2 (Fig. 4A). The cdc2 subunit was
phosphorylated on tyrosine during S phase and kept
tyrosine-phosphorylated after cell cycle arrest (Fig. 4A). H1
kinase activity remained low for a long time after second
polar body emission (Fig. 4B), confirming that oocytes were
arrested in G2.
Another peculiarity of G2-arrested immature oocytes is
the ability to amplify MPF activity: microinjection of a
small volume (usually 1/20 of the cell volume) of cytoplasm
containing MPF activity (for example taken from M-phase
maturing oocytes) triggers MPF activation and M-phase
entry of the recipient G2-arrested oocyte. MPF amplifica-
tion is demonstrated by the conserved high efficiency of
serial transferts (Kishimoto and Kanatani, 1976). As ex-
pected, fully mature starfish oocytes readily exited cell
cycle arrest, supported MPF amplification, and entered
mitosis when microinjected with cytoplasm taken after
GVBD from maturing oocytes (Table 1) or with highly
purified cyclin B-cdc2 kinase (not shown).
Finally, we found that other treatments (microinjection
of 1 mM okadaic Acid, of 1 mM cyclin A, or 1 mM PSTAIR
peptide), which specifically induce activation of the G2
inactive MPF dimeres, also induce NEBD and MPF activa-
tion in fully mature starfish oocytes (not shown, see Dis-
cussion).
Taken together, the above experiments show that
hormone-stimulated oocytes of M. glacialis and A. arancia-
cus complete DNA replication and arrest at G2 after mei-
otic maturation.
Release of Mature Starfish Oocytes from G2 Arrest
Is Associated with Inactivation of MAP Kinase
We showed previously that MAPK activity drops at the
time of second polar body emission in fertilized but not
unfertilized eggs of A. aranciacus and does not reappear
later (Picard et al., 1996). As shown in Fig. 5, a variety of
FIG. 2. Unfertilized fully mature oocytes complete DNA replica-
tion. [3H]Thymidine incorporation into DNA was measured (see
Materials and Methods) in control fertilized eggs (squares), unfer-
tilized oocytes (circles), or aphidicolin-treated unfertilized oocytes
(triangles), as a function of time after second polar body emission
(which was completed at 120 min pha in this experiment).
FIG. 3. Calcium-ionophore-activated fully mature oocytes of M.
glacialis do not incorporate BrdU before M-phase entry. Upon
ionophore activation, fully mature oocytes elevated fertilization
membrane (a, 10 min after ionophore addition, 200 min pha) and
then entered M phase, as judged by nuclear envelope breakdown
and monoaster formation (b, 60 min). Accordingly, chromosomes
condensed (c, DNA Hoechst staining; compare with Fig. 1e for a
control). However, when BrdU (0.1 mg/ml) was added 10 min
before ionophore activation, it was not incorporated into DNA at
the time of M phase (d). Bar (in a for upper panels, in c for lower
panels) 5 100 mm.
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treatments that release mature starfish oocytes from arrest
at the pronucleus stage and induce cell cycling were all
found to inactivate MAPK, even when applied after oocytes
had completed meiotic maturation and were arrested at G2.
These treatments, besides fertilization and ionophore
A23187, include microinjection of a Ca-EGTA buffer to
raise intracellular Ca21 to the micromolar level (Picard and
Dore´e, 1983a), two-step application of 1-MeAde (Picard and
Dore´e, 1983b), or microinjection of purified human centro-
somes (Picard et al., 1987). We observed occasionally that a
small and variable proportion of A. aranciacus oocytes can
escape arrest at the pronucleus stage upon prolonged incu-
bation in natural sea water. This also was systematically
associated with inactivation of MAPK, as illustrated in Fig.
5 (compare lanes 7 and 8). Finally, MPF or cyclin A micro-
injection triggered MPF amplification only after MAPK
inactivation, at variance with OA microinjection which
triggered GVBD while keeping high MAPK activity (not
shown).
In previous experiments we showed that the time of
MAPK inactivation during meiotic maturation was depen-
dent on the time of fertilization of maturing oocytes: In A.
aranciacus oocytes fertilized early in first meiotic promet-
aphase (20 min pha), MAPK was inactivated after second
polar body emission (125 min pha), while in oocytes fertil-
ized late in first metaphase (75 min pha) MAPK activity
dropped as early as 105 min pha, before second polar body
emission (Abrieu et al., 1997b). In the present work we
examinated the effects of premature fertilization on cell
cycle resumption and MAP kinase inactivation. Starfish
prophase-blocked oocytes can be inseminated, although
several sperms succeed in penetrating because the block to
polyspermy is not yet well established at that stage (Fig.
6Aa). Upon hormone addition, prematurely inseminated
oocytes reinitiate meiosis in schedule with controls as
judged by nuclear envelope breakdown and multiple fur-
rowing. We found that even when insemination occurred 30
FIG. 4. Fully mature oocytes of the starfish A. aranciacus contain
an inactive cyclin B–cdc2 kinase complex comprising partially
dephosphorylated cyclin B and tyrosine-phosphorylated cdc2. (A)
1000 oocytes were homogenized at various times after hormone
addition (min pha), and the material recovered on p13-suc1 beads
was analyzed using Western blots with anti-cyclin B (revealing
p45cycB) and anti-phosphotyrosine antibodies (revealing tyrosine-
phosphorylated p34cdc2). Cyclin B is destroyed after second polar
body emission (150 min: pb2 emission occurred at 130 min in this
experiment) and then accumulated again at a level higher than the
M-phase level (compare 430 min to 60 min). The lower band of
dephosphorylated cyclin B is predominant. cdc2 tyrosine 15 re-
mained dephosphorylated at least until 150 min pha and then
rephosphorylated gradually. (B) Accordingly, whole histone H1
kinase activity (32P incorporation on histone H1, measured on a
single egg each time) remained low in fully mature oocytes,
compared to M-phase oocytes, showing the cdc2–cyclin B complex
is inactive.
TABLE 1
Fully Mature Oocytes of the Starfish Astropecten aranciacus Exit G2 Arrest, Support MPF Amplification,




A Maturing oocyte Mature oocytes 1/50 9/10
(first metaphase) (pronucleus stage)
B Recipients of Expt A Mature oocytes 1/50 10/10
(pronucleus stage)
C Recipients of Expt B Mature oocytes 1/50 10/10
(pronucleus stage)
D Recipients of Expt C Immatures oocytes 1/20 5/5
(GV stage) 1/50 0/5
E Maturing oocyte Immatures oocytes 1/20 10/10
(first metaphase) (GV stage) 1/50 0/10
a Number of oocytes undergoing nuclear envelope breakdown and chromosome condensation/total number of injected oocytes.
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min before hormonal stimulation, eggs entered mitosis
roughly in schedule with controls. However, when insemi-
nated 2 h before hormone addition, eggs failed to enter first
mitosis after completion of meiosis: Multiple pronuclei
reformed, occasionally migrated, and fused together, but
nuclear envelope breakdown was never observed (Fig. 6Ab),
even as late as 6 h pha. Hormone addition at various times
between 30 min and 2 h after insemination resulted in
corresponding varying ratios of definitely G2-arrested eggs
(Fig. 6B). BrdU added after pronuclei reformation was incor-
porated into DNA (not shown), showing these prematurely
inseminated eggs arrested in G2, like the unfertilized ones.
In-gel MBP kinase activity revealed that eggs inseminated
2 h before hormone addition failed to inactivate MAPK
even a long time after second polar body emission (Fig. 6C).
Thus, eggs inseminated too prematurely before meiosis
reinitiation behave like unfertilized eggs: They lose mem-
ory of fertilization signal and arrest at G2 with high MAPK
activity after completion of meiosis.
A major immediate consequence of fertilization is a large
release of calcium in the egg cortex, which is sufficient to
induce most of the consequences of fertilization, including
cell cycling after completion of meiosis and MAPK inacti-
vation, and can be mimicked by calcium microinjection or
calcium ionophore application. Prior microinjection of
EGTA or BAPTA (1 mM final concentration) before fertili-
zation of starfish oocytes was found to inhibit mitotic entry
after meiosis (see Fig. 10) as previously reported (Picard and
Dore´e, 1983a); EGTA-microinjected and fertilized eggs ar-
rested after DNA replication, as inferred from BrdU incor-
poration (not shown). Accordingly, MAPK failed to drop
after second polar body emission in these eggs, while it
normally dropped in eggs microinjected with EGTA soon (2
to 3 min) after fertilization (Fig. 7).
Taken together, these experiments highlight a strong
correlation between MAPK inactivation at meiosis comple-
tion and entry into mitosis of fully mature eggs.
Prevention of MAPK Inactivation Arrests Fertilized
Eggs at G2 in a Dose-Dependent Manner
In order to prevent MAPK inactivation after second polar
body emission in fertilized eggs, we microinjected the
budding yeast MAPKKK Ste11, rendered constitutively ac-
tive by a N-terminal truncation (see Materials and Meth-
ods). When Ste11-DN (50 mg/ml final concentration) was
microinjected during the second meiotic cell cycle, it main-
tained MAPK active and prevented fertilized eggs of A.
aranciacus and M. glacialis from proceeding into embryo-
genesis and arrested them at G2 (Picard et al., 1996). In the
present work, we confirmed this result and further found
that Ste11-DN-microinjected eggs arrest at G2, either in the
first mitotic cell cycle, only in the second mitotic cell cycle,
or not at all, depending on the amount of microinjected
protein and the resulting level of MAPK activity: 50 mg/ml
Ste11-DN maintained a high level of MAPK activity, which
was correlated with arrest at G2 in the first mitotic cell
cycle; 30 mg/ml Ste11-DN maintained a medium level of
MAPK activity, which was correlated with arrest at G2 in
the second mitotic cell cycle only; and 3 mg/ml Ste11-DN
maintained only a low level of MAPK activity and failed to
arrest eggs (Fig. 8). We never observed arrest at G1 in A.
aranciacus or M. glacialis.
Inactivation of MAPK by Microinjection of a
MAPK-Specific Phosphatase Releases Mature
Starfish Oocytes from G2 Arrest
To directly assess the role of MAPK in the G2 arrest of
mature starfish oocytes, it was necessary to inactivate it in
situations when it should be active. Activity of the MAP
kinase ERK2 is dependent on the phosphorylation of con-
served T and Y residues: Dephosphorylation of these resi-
dues by the dual-specificity phosphatase Pyst1 inactivates
the kinase (Groom et al., 1996). We found that microinjec-
tion of Pyst 1 mRNAs before hormonal stimulation, or after
completion of meiotic maturation and G2 arrest, caused
MAPK inactivation (not shown, see Fig. 10). Then, we
followed individually Pyst 1-microinjected oocytes in the
three situations described above, where G2 arrest was
correlated with high MAPK activity:
FIG. 5. A variety of treatments that release mature starfish
oocytes from arrest at the pronucleus stage also induce inactivation
of the p42 MAP kinase. Samples of 10 oocytes (A. aranciacus) were
taken in duplicates after arrest at the pronucleus stage (controls;
lane 1, 150 min pha; lane 6, TBS microinjected oocytes, 300 min
pha) or at the time of nuclear envelope breakdown after different
parthenogenetic treatments (lane 2, microinjection of human cen-
trosomes; lane 3, microinjection of 50 pl of a mixture of 0.2 M
Ca-EGTA with 0.2 M EGTA in 10 mM Pipes–KOH, pH 7.0; lane 4,
treatment with 1 mM ionophore A23187; lane 5, treatment with 1
mM 1-MeAde) and processed for determination of in-gel MBP
kinase activities (top) or immunoblotting for phosphotyrosine
detection (bottom). In another experiment, samples of eggs spon-
taneously escaping the pronucleus arrest were selected, as judged
by disappearance of the nuclear envelope and analyzed for in-gel
MBP kinase activity and phosphotyrosine content (lane 8, sponta-
neously cycling unfertilized eggs, 340 min pha; lane 7, control eggs,
340 min pha).
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● In unfertilized fully mature oocytes, MAPK inactiva-
tion resulted in resumption of mitotic cycles, as judged by
cycles of nuclear envelope breakdown and reassembly,
cycles of monaster formation (not shown), and chromosome
condensation (compare Figs. 9a and 9b). After several
cycles, DNA accumulated in eggs (Fig. 9c).
● This holds true when eggs inseminated 2 h before
hormone addition (which should arrest at G2 with several
FIG. 6. Eggs inseminated too long before hormone addition fail to enter mitotic cycles after meiosis and to inactivate MAP kinase after
second polar body emission. (A) Prophase oocytes could be inseminated. (a) Several sperms penetrated (arrowheads) and fertilization
membrane elevated only locally around the sperm entry. After completion of meiosis, several pronuclei reformed, but the eggs did not enter
M phase if hormone had been added 2 h after insemination (b, 360 min pha). (B) The ratio of oocytes that arrested in G2 after meiosis
completion (ordinate) increased when the time elapsed between insemination and hormone addition increased (abscissa). Fractions
represent the number of G2-arrested eggs, as judged by the presence of nuclear envelope, relative to the total number of eggs checked in
each sample. Status of eggs was recorded at 360 min pha. Results did not change significantly later, until egg cytolysis. (C) Oocytes
inseminated 2 h before hormone addition failed to inactivate efficiently MAPK after second polar body emission. In each lane, 10 oocytes
(lane 1, unfertilized mature oocytes, 200 min pha; lane 2, oocytes inseminated 2 h before hormone, fixed at 360 min pha; lane 3, oocytes
fertilized 1 h after hormone, fixed at 150 min pha) were processed for determination of in-gel MBP kinase activity. Bar, 100 mm.
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permanent pronuclei, see above) were microinjected with
Pyst 1 mRNAs (Figs. 9d–9f).
● Finally, Pyst 1 translation also released from G2 arrest
eggs fertilized in the presence of 1 mM intracellular EGTA.
Figure 10 depicts one such oocyte at three different times:
in Figs. 10c and 10d (200 min pha) the nuclear envelope was
clearly seen, showing this egg was in interphase at that
time. Ten minutes later (Figs. 10e and 10f) the nuclear
envelope has broken down and entered M phase. Finally, at
235 min pha the nuclear envelope reassembled around in-
dividual chromosomes, giving rise to small procaryons, in-
dicating the egg was in interphase again (Figs. 10g and 10h).
During the same time, control uninjected oocytes remained
arrested with prominent pronuclei (Figs. 10a and 10b). Ac-
cordingly, release from G2 arrest in Pyst1-microinjected
eggs was correlated with MAPK inactivation (Fig. 10, bot-
tom). All three kinds of observations were repeated three
times on at least 10 oocytes.
DISCUSSION
In the present work we have shown that, if not fertilized
or if the signal generated by fertilization is repressed (by
prior EGTA microinjection) or lost (by too late hormone
addition to inseminated immature oocytes), mature oocytes
of the starfishes A. aranciacus and M. glacialis arrest at G2
after completion of DNA replication. G2 arrest was dem-
onstrated by cytological and physiological observations:
● First, DNA replication occurred and was completed, as
shown in Figs. 1 and 2.
● Second, fully mature oocytes were able to amplify
MPF activity, which is a peculiarity of G2-arrested cells.
This ability is accounted for by the presence of a suffi-
cient amount of inactive cyclin B– cdc2 complex, whose
activation can be obtained by ways specific for G2-
arrested cells: Microinjection of MPF-containing cyto-
plasm or purified active MPF. Entry into M phase and
MPF amplification induced by microinjection of 1 mM
okadaic acid (OA), a potent inhibitor of phosphatases
1 and 2A, are also restricted to G2 cells (Picard et al.,
1989). Particularly, OA microinjection is unable to trig-
ger resumption of the cell cycle in unfertilized sea urchin
eggs, which are arrested in G1 (Picard et al., 1989),
although it triggers premature entry into mitosis after S
phase in fertilized sea urchin eggs (Patel and Whitaker,
1991). We confirmed in fully mature M. glacialis and A.
aranciacus oocytes that OA microinjection triggered
rapid entry into mitosis and MPF amplification (not
shown; see Picard et al., 1989). Similarly, recombinant
cyclin A microinjection (1 mM final concentration) in-
duces MPF activation in prophase-arrested starfish oo-
cytes (our unpublished results); this holds true in fully
mature pronucleus-arrested oocytes (not shown). Finally,
we also showed that microinjection of PSTAIR synthetic
peptide, a sequence conserved in cdc2 homologs, was able
to trigger MPF amplification and NEBD in fully mature
starfish oocytes, as already described in prophase-blocked
immature oocytes (Labbe´ et al., 1989), even in the pres-
ence of 0.25 mM EGTA, which inhibits PSTAIR-induced
calcium increase and fertilization membrane elevation
(Picard et al., 1990).
Moreover we show that this arrest at G2/M is due to and
requires MAPK activity. Fertilization downregulates MAPK
and allows eggs to escape G2 arrest, but, if MAPK is
artificially reactivated, embryos will again arrest at G2,
either in the first or the second cell cycle, depending on the
activity of MAPK generated by microinjecting constitu-
tively active MAPKKK. We showed previously that inap-
propriate reactivation of MAPK also induces G2 arrest in
cycling Xenopus egg extracts (Abrieu et al., 1997b). G1
arrest was never observed. In contrast, MAPK is responsible
for arrest at G1 of fully mature, unfertilized oocytes of the
starfish Asterina pectinifera, and suppression of MAPK
inactivation at fertilization arrests eggs predominantly at
G1 (Tachibana et al., 1997). Thus, MAP kinase is respon-
sible for arrest at different stages of the first mitotic cell
cycle in fully mature and unfertilized eggs of different
starfish species.
The difference between the two groups of starfish species
may, however, not be as sharp as it appears at first sight.
Indeed, about 30% of A. pectinifera eggs were reported to
escape G1 arrest due to ectopic activation of MAPK, and in
this case they arrested at G2 (T. Kishimoto, personnal
communication). Conversely, MAPK may slow down the
first round of DNA replication in M. glacialis, as it is
completed much more rapidly in fertilized eggs, which
inactivate MAPK, than in fully mature, unfertilized eggs,
which maintain a high level of MAPK activity. A likely
interpretation of the difference between the two groups of
starfish species is thus that the threshold level of MAPK
activity for arrest at G1/S is higher than that for arrest at
FIG. 7. Oocytes microinjected with 1 mM EGTA and then fertilized
fail to inactivate MAPK after completion of meiosis. In each lane, 10
A. aranciacus oocytes were processed for determination of in-gel MBP
kinase activity (top) or Western blot analysis of phosphotyrosine in
p42 MAPK (bottom). Lane 1, prophase-arrested oocytes; lane 2, ma-
turing oocytes (70 min pha); lane 3, fertilized mature oocytes (130 min
pha); lane 4, fertilized mature eggs, microinjected with EGTA (1 mM
final concentration) 10 min after fertilization (130 min pha); lane 5,
fertilized mature eggs, microinjected with EGTA 10 min before
fertilization (fixed at 240 min pha).
8 Fisher et al.
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G2/M. Mature oocytes may either contain a higher level of
MAPK activity or be more sensitive to MAPK, in A.
pectinifera, which arrest predominantly in G1, than in
other starfish species, which arrest in G2/M and never in
G1. Indeed, a careful examination of Fig. 7 shows that the
MAPK activity artificially maintained by microinjection of
constitutive Ste11 kinase in A. aranciacus oocytes is lesser
than the meiotic level, indicating that there is a strong
MAPK inhibitory activity in the cell after completion of
meiosis. In contrast to the constitutive Ste11 kinase, the
microinjection of the no-constitutive mos-pMAL MAPKKK
was found unefficient in reactivating MAPK in fertilized
eggs (unpublished results), suggesting that inactivation of
MAPK in fertilized eggs is at least partially due to a
downregulation of MAPKKK.
MAPK has been shown to prevent parthenogenetic acti-
vation and arrest vertebrate oocytes at the second meiotic
metaphase by preventing activation of the cyclin degrada-
tion pathway (reviewed in Sagata, 1997). The mechanism
responsible for MAPK-dependent inhibition of the G1/S and
FIG. 8. The time of arrest in G2 depends on the level of MAP kinase activity maintained through microinjection of the recombinant
MAPKKK Ste11-DN in fertilized eggs of the starfish A. aranciacus. In a first experiment (left column), oocytes were fertilized at 75 min pha
in the presence of BrdU. Eggs injected with 50 mg/ml Ste11-DN after first polar body emission (120 min pha), which did not cleave (Aa), were
taken at 420 min pha and processed for BrdU detection in the zygote pronucleus (Ac) or in-gel MBP kinase activity (B, lane 5). In a second
experiment using the same batch of oocytes (right column), a lesser amount of Ste11-DN was microinjected (about 30 mg/ml) at 120 min
pha. This did not prevent first cleavage, but oocytes arrested at the two-cell stage (Ab, micrograph taken at 420 min pha); in this experiment
BrdU was added when the eggs initiated the first cleavage and embryos arrested at the two-cell stage at 420 min pha were processed for BrdU
detection (Ad) or in-gel MBP kinase activity (B, lane 4). In addition, B further shows in-gel MBP kinase activities of (1) control unfertilized
eggs at 420 min pha, (2) control embryos at the eight-cell stage; and (3) embryos microinjected with only 3 mg/ml Ste11-DN, taken at the
eight-cell stage at 470 min pha. In each lane, total proteins from 10 eggs were loaded for determination of MBP kinase activities. Bar (in a
for upper panel, in c for lower panel), 100 mm.
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FIG. 9. Expression of the MAPK-specific phosphatase Pyst1 induces entry into mitosis in fully mature oocytes. (Left) Unfertilized
Marthasterias glacialis fully mature oocytes. (Right) Fully mature oocytes that were inseminated 2 h before hormone addition. In the latter
case, several sperms entered the oocytes, giving rise to several separate nuclei after completion of meiosis as shown by Hoechst DNA
staining (arrowheads point to some pronuclei in d; in each picture a single egg is shown). (a and d) Controls (360 min pha). (Middle and
bottom panels) Pyst 1 mRNAs were microinjected after the time of second polar body emission (125 min pha), and eggs were processed for
Hoechst DNA staining at various times. (b and e) M-phase eggs, fixed 90 min after Pyst 1 microinjection (thus about 220 min pha).
Chromatin has condensed. In polyspermic eggs, several pronuclei in a cell occasionally fused to give rise to a reduced number of mitotic
figures (e). In unfertilized oocytes the condensed chromosomes remained clustered (b) and a single nucleus reformed in interphase at the
center of the egg (small arrow in b and c, polar bodies; large arrow, egg nucleus). (c and f) Eggs fixed 210 min after Pyst1 microinjection (thus
about 340 min pha). Several cell cycles occurred (not shown), and the nuclear DNA content increased as shown by the bright Hoechst
fluorescence in the chromatine of both unfertilized (c) and polyspermic eggs (f). Bar, 60 mm.
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the G2/M transitions and prevention of parthenogenetic
development in starfish species remains elusive. Even
though arrest of mature oocytes at G2/M is associated with
tyrosine phosphorylation of cdc2 in Astropecten and Mar-
thasterias, how MAPK mediates MPF inactivation at
completion of maturation, while it rather appears to pre-
vent MPF inactivation at initiation of maturation (Abrieu et
al., 1997a) is open for further investigation.
The fact that prolongation or inappropriate reactiva-
tion of MAPK induces cell cycle arrest at different stages
of the cell cycle, including the G1/S transition (A. pec-
tinifera), the G2/M transition (A. aranciacus, M. glacia-
lis, Xenopus), or exit from mitosis (Xenopus) is reminis-
cent of checkpoint mechanisms, which arrest cell cycle
progression if a defect that would compromise genetic
stability is detected, either in G1/S, G2/M, or metaphase/
anaphase. We proposed previously that MAPK may
mimic a constitutive activation of checkpoint mecha-
nisms, not only in metaphase as it was already demon-
strated (Minshull et al., 1994; Murray, 1995; Takenaka
et al., 1997; Wang et al., 1997), but also in G1 and G2
(Abrieu et al. 1997b). This hypothesis is supported by
the fact that MAPK is strongly repressed during early
embryogenesis (Ferrell et al., 1991; our unpublished
results in starfish and sea urchin) and, correlatively that
checkpoint mechanisms are downregulated during this
period.
The mechanism responsible for the universal drop of
MAPK activity that occurs after fertilization in both
vertebrates and invertebrates is not understood. MAPK
inactivation, suppressed by microinjection of EGTA prior
to fertilization, appears to be triggered by the calcium
transient associated with both fertilization and partheno-
genetic activation. It is not, however, a direct conse-
quence of the calcium transient, as the drop of MAPK
activity is delayed with respect to fertilization in starfish
as in many other animals. In Spisula, for example,
oocytes are still arrested at G2/prophase of the first
meiotic cell cycle when fertilized, yet MAPK does not
undergo inactivation before first polar body emission
(Shibuya et al., 1992). In starfish, oocytes inseminated
before GVBD do not inactivate MAPK earlier than the
second polar body emission, at least 2 h later. Moreover,
MAPK inactivation is suppressed if EGTA is microin-
jected before, but not shortly after (2–3 min), fertiliza-
tion. Finally, MAPK inactivation is also suppressed when
heads) have reformed in the egg after exit from first mitosis, in the
absence of cleavage. (Bottom) In-gel MBP kinase activities of (1)
control unfertilized eggs arrested at the pronucleus stage (500 min
pha), (2) control fertilized embryos at the eight-cell stage (500 min
pha), (3) eggs injected with EGTA prior to fertilization (500 min
pha), (4) eggs injected with EGTA prior to fertilization and then
further injected with Pyst1 mRNAs (200 min pha). Bar, 100 mm (left
column); 50 mm (right column).
FIG. 10. Inactivation of MAPK by Pyst1 rescues from G2 arrest A.
aranciacus eggs microinjected with EGTA before fertilization.
(Top) Oocytes fertilized in the presence of 1 mM intracellular
EGTA. Pictures in the right column are 2.33 magnifications of the
nuclear area in the corresponding picture in left column. (a and b)
Control, 500 min pha; in the absence of Pyst1 the egg is definitively
arrested at G2 with multiple pronuclei dispersed in the cytoplasm.
(c–h) An EGTA-injected and fertilized egg was microinjected with
Pyst1 mRNAs after fertilization. (c and d) 200 min pha, all
pronuclei have fused together. (e and f) 210 min pha, NEBD has
occurred. (g and h) 235 min pha, multiple small procaryons (arrow
11MAP Kinase Inactivation in Starfish
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the memory of fertilization has been lost, due to a too
long gap between insemination of G2-arrested oocytes
and meiosis reinitiation. At least in Xenopus, the se-
quence of events from the calcium transient to MAPK
inactivation involves downregulation of the whole
MAPK cascade, including Mos, Raf, and MAPKK, as the
activity of each of these upstream kinases has been
shown to drop following fertilization (Sagata et al., 1989;
McNicol et al., 1995). Interestingly, the requirement for a
calcium transient for MAPK inactivation can be bypassed
if MPF is microinjected in oocytes arrested at G2 after
completion of meiotic maturation. In contrast, microin-
jection of MPF in oocytes arrested at G2 before meiotic
maturation allows them to complete meiotic maturation.
Then they arrest again at G2 with high MAPK activity.
This suggests that the mechanism responsible for inacti-
vation of the MAPK cascade is set up late during meiotic
maturation.
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